Extreme rainfall is one of the primary meteorological hazards in Singapore, as well as elsewhere in the deep tropics, and it can lead to significant local flooding. Since 2013, the Meteorological Service Singapore (MSS) and the United Kingdom Met Office (UKMO) have been collaborating to develop a convective-scale Numerical Weather Prediction (NWP) system, called SINGV. Its primary aim is to provide improved weather forecasts for Singapore and the surrounding region, with a focus on improved short-range prediction of localized heavy rainfall. This paper provides an overview of the SINGV development, the latest NWP capabilities at MSS and some key results of evaluation. The paper describes science advances relevant to the development of any km-scale NWP suitable for the deep tropics and provides some insights into the impact of local data assimilation and utility of ensemble predictions.
INTRODUCTION
Unlike mid-and high-latitudes where the rainfall events are often associated with frontal systems, the heavy rains in Singapore and the surrounding Southeast Asian region are caused predominantly by thunderstorms that have a lifespan and spatial extent significantly shorter than those associated with extra-tropical frontal systems. The small scale nature of these thunderstorms makes them highly chaotic and harder to predict. Even the most sophisticated global Numerical Weather Prediction (NWP) systems in the world are known to suffer from poor (short term) forecast skill over the tropics (Žagar et al. 2013; Walters et al. 2019) , which directly or indirectly is due to the dominance of localized thunderstorms in the region.
Thunderstorms are driven by convective and in-cloud processes which are parameterized in the current NWP models. In order to achieve the best performance, these models rely on tuning of the model parameters with available observations. As most of the leading NWP centers are situated in the extra-tropics, such tuning exercises are biased, for practical reasons, towards their local weather systems which makes it more challenging to use them directly over the tropics without re-tuning them against local observations (Bush et al. 2019) . Data assimilation is known to improve the performance of these models by continuously adjusting the model state to the observed state. However, the current convective-scale data assimilation systems have issues when applied in the tropics due to the lack of observations and an inadequate understanding of the relevant 'balanced' states resulting from convection and cloud processes (Žagar et al. 2013 ; Gustafsson et al. 2018) .
In recent years, ensemble prediction systems have emerged to enhance the capabilities of the existing NWP systems. These involve the production of probablistic forecasts that are appropriate to a chaotic system like the atmosphere (Molteni et al. 1996) , and also include ensemble based data assimilation to improve the representation of background error-covariance (Bannister 2017) . However, the development and application of these ensemble systems is very much confined to global NWP and more research is needed to evaluate its impact in high resolution regional forecast systems.
Convective-scale NWP over the tropics has always been a big challenge. There have been a few initiatives to tackle this issue both in modelling and data assimilation (Gustafsson et al. 2018 ), but much more still needs to be done. In these circumstances, having an NWP centre in the deep tropics like Singapore can make a big difference when it comes to understanding the limitations of the current convective-scale NWP systems. The purpose of this paper is to highlight the efforts made in this direction by the Meteorological Service Singapore (MSS) and the United Kingdom Met Office (UKMO), through a collaborative project to develop a convective-scale NWP system for Singapore (SINGV). The project, "A tropical convective-scale NWP/Nowcasting capability for Singapore," also called SINGV, started in 2013 and ended formally in 2018. The main aim of SINGV is to enable MSS to provide improved weather forecasts for Singapore and the surrounding region, with a primary focus on improved short-range prediction of localized heavy rainfall. This paper provides an overview of the SINGV development, the latest NWP capabilities at MSS and some key results of its evaluation, which clearly highlight the challenges of NWP in the deep tropics. A table of the acronyms used in this paper is included at the end for easy reference (see Glossary).
AN ACCOUNT OF THE SINGV DEVELOPMENT

Year 1 (2013-2014)
SINGV is based on the Unified Model (UM, Brown et al. 2012) . The original SINGV system was based on a variable resolution configuration of the UM designed for the UK (UKV - Tang et al. 2013) relocated to the Singapore region. After some initial adaption changes, the first version of SINGV (1.0) was released in 2014. Unlike the variable resolution UKV, for consistency with the Weather Research and Forecasting model (WRF, Skamarock et al. 2008 ) already running at MSS, the SINGV 1.0 domain centered on Singapore employed a constant (1.5 km) grid-spacing, nested within a larger (4.5 km grid-spacing) domain covering the Malay Peninsula and Sumatra. The latter was driven by the global UM (UM_G), which at that time had a grid resolution of 25 km. To improve the modelling of the deep troposphere, 10 extra vertical levels were added to the original 70 UKV levels. We made a comparison between forecasts from SINGV and WRF and, based on the encouraging results, decided to continue the development of SINGV.
Year 2 (2014-2015)
Further experiments were conducted to assess the impact of model resolution and nesting strategy. As a result, the decision was taken to use the 1.5 km resolution over the larger domain for future development and testing. Further tuning of turbulence parameterization schemes was performed prior to release of SINGV 2.0. In February 2015, realtime running of a SINGV downscaler (DS), driven by UM_G, was initiated. Having gained confidence in the quality of the SINGV forecast model, initial work on SINGV Data Assimilation (SINGV-DA) also started in year 2.
Year 3 (2015-2016)
In the course of ongoing testing and evaluation, several model issues were identified from the real-time SINGV-DS runs, both technical and meteorological in nature. The most severe problem was in rainfall forecasts: a somewhat 'blobby' representation of deep convective cells over land manifesting as sparse, small, areas of intense convective rainfall with limited light rainfall beyond the core. In year 3, three major developments were made to alleviate the blobbiness problem: a new 'local' moisture conservation scheme, the application of stochastic perturbations in the turbulence scheme to more easily trigger convection and an increase of turbulence mixing. Rainfall patterns produced in the subsequent SINGV 3.0 are more realistic compared to SINGV 2.0.
At the same time, the SINGV-DA capability became more fully developed with its own background error covariance and capabilities for assimilating conventional and satellite observations in the SINGV domain. In April 2016, the SINGV-DA system was implemented in real-time at MSS, with observations processed at the UKMO and lateral boundary conditions from UM_G.
Year 4 (2016-2017)
As the real-time SINGV-DS and SINGV-DA systems became stable and enabled routine daily evaluations, MSS forecasters were engaged in subjective evaluation studies, com-plementing objective evaluations performed by SINGV developers. The blobbiness issue was highlighted as an ongoing issue, although reduced in impact from earlier versions. One related problem was revealed from the realtime daily forecasts: the difficulty of SINGV 3.0 to forecast squall lines. Further model development and tuning was performed. The major change was the replacement of the Smith (1999) cloud scheme by the Prognostic Cloud fraction and Prognostic Condensate (PC2, Wilson et al. 2008; Morcrette 2012a,b) scheme. Combined with further tuning to the boundary layer scheme, the reduced blobbiness in rainfall and improvements in the representation of squall lines in the forecasts compared to observations were seen. A knock-on impact of these forecast improvements was a reduction in dry bias and improved (reduced) rainfall in SINGV-DA compared to SINGV-DS.
Also in year 4, the development and real-time implementation of an initial 4.5 km SINGV Ensemble Prediction System (SINGV-EPS) was completed in March 2017, with an ensemble of initial conditions and lateral boundary conditions provided by the Met Office Global Regional Ensemble Prediction System (MOGREPS - Bowler et al. 2008 ).
Year 5 (2017-2018)
The UM strategy is to aim for a 'seamless' regional modelling capability suitable for all applications. A major effort was therefore made in year 5 to reduce the difference between SINGV and UKV configurations. Changes (e.g. stochastic perturbations and increase of turbulence mixing coefficient), which were helpful before but turned out to be redundant after the change in the cloud scheme, were removed and a final version (SINGV 5.0) was released at the end of the 5-year project. Although reduced, several differences between UKV and SINGV configurations remain: 1) constant grid resolution in SINGV as opposed to variable in UKV; 2) 80 vertical levels in SINGV as opposed to 70 in UKV; 3) UKV uses a diagnostic cloud scheme whereas SINGV uses a prognostic cloud scheme; 4) UKV uses stochastic boundary layer perturbations whereas they are turned off in SINGV; 5) the stability functions for convective boundary layers follow Brown (1999) , with SINGV using the "conventional LEM" functions whereas the UKV uses the "standard LEM" functions ; 6) SINGV uses a free-atmospheric mixinglength that is dependent on the diagnosed turbulent layer depths, whereas for the UKV the mixing-length is fixed at 40 m.
In order to provide consistency with the global forecast systems employed by MSS forecasters, a major effort was made in year 5 to drive SINGV-DS, SINGV-DA and SINGV-EPS regional NWP configurations by European Centre for Medium-Range Weather Forecasts (ECMWF) global data, which also led to a significant improvement in regional NWP skill (see Section 4.5).
To finish the 5-year project, forecasters evaluations were conducted to assess the usefulness of SINGV in an operational environment. As a result, SINGV moved from realtime evaluation to operational application starting with the SINGV-DA configuration in 2019.
After the project (May 2018-present)
Since the end of the 5-year project, MSS has continued development in collaboration with the UKMO. The major achievements include the development of a DA-centered EPS system, fine tuning of parameters and enhancing the computational stability of SINGV for its operational implementation. SINGV-DA was made formally operational in July 2019, with similar plans for SINGV-EPS in the near future. The current operational and pre-operational configurations are presented in the following section.
SINGV SYSTEM CONFIGURATION
The original SINGV system started with a UM Variable resolution configuration for the UK, named UKV (Tang et al. 2013 ). Since that time, numerous aspects of the system configuration have been tested and evaluated including model domain, vertical levels, physics schemes and parameters, lateral boundary conditions, observation usages and ensemble choices. Remaining difference between the SINGV 'branch' of the regional UM configuration will be evaluated and merged in future.
Model domain
SINGV can run over different domains covering Singapore and surrounding areas. The most tested domain and the one used for current operations is shown in Figure 1 . The highest horizontal resolution we run operationally is 1.5 km, with 1092×1026 model points on each of 80 model levels. A zoom-in view of the domain presents the 1.5 km grid mesh over Singapore. The ensemble system runs over the same domain but with a lower resolution of 4.5 km, 364×342 model points and 80 model levels.
Model dynamics and physics
SINGV uses the UM dynamic core which employs a Semi-Lagrangian (SL) scheme for advection and a Semi-Implicit (SI) scheme for temporal discretization of a set of nonhydrostatic deep-atmosphere equations (Wood et al. 2014) . The Arakawa C-grid for horizontal staggering and a terrainfollowing hybrid vertical coordinate with Charney-Phillips staggering is used. Mass conservation is ensured through a correcting step (Zerroukat 2010) , including the correction due to mass fluxes through lateral boundaries initially through the scheme described in Aranami et al. (2015) , and ultimately through the zero-lateral flux approach described in Zerroukat and Shipway (2017) . Due to the stable SLSI scheme, the time step used for integrating the model forward can be large -a value of 60s is chosen for the 1.5 km DS and DA, and 120s for the 4.5 km EPS integrations.
The physics schemes used in SINGV include: 1) the single moment microphysics scheme of Wilson and Ballard (1999) ; 2) the prognostic cloud scheme of Wilson et al. (2008) ; 3) the radiation scheme of Edwards and Slingo (1996) ; 4) the blending boundary layer scheme of Boutle et al. (2014) , which blends the one-dimensional planetary boundary layer scheme of Lock et al. (2000) and the three- dimensional Smagorinsky-Lilly scheme (Lilly 1962) . No convection parameterization is used in SINGV, although some early tests with the 4.5 km grid were performed with the convection scheme on and off. More details of the implementation of these schemes in SINGV can be found in Webster et al. (2020) .
LBC, SMC and SST
SINGV is a limited-area system and therefore requires specified lateral boundary conditions (LBC). Originally SINGV followed the same strategy as that of UKV with the global UM (UM-G) forecasts providing LBCs (and global analysis initial BCs). During the SINGV project, the option to use ECMWF forecasts as lateral boundaries has been added. This change brings a significant improvement in the SINGV precipitation forecast scores (see section 4 below). ECMWF forecasts at 00Z and 12Z now provide the default lateral boundaries for all SINGV configurations.
For lower boundaries, SINGV uses Soil Moisture Content (SMC) and Sea Surface Temperature 
SINGV-DS
The downscaler (DS) option of SINGV (SINGV-DS) uses ECMWF analyses at 00Z and 12Z as initial conditions and produces 48h forecasts twice daily. Due to changes in model resolution, mainly through the model orography and model physics, especially from parameterized-convection to explicit convection, the early hours of the SINGV-DS forecast suffers from a 'spin-up' problem (similar to other DS models), leading to poor short-range (up to 9 hours) forecasts. However due to the long waiting times for the arrival of ECMWF analyses and forecasts (which means the subsequent SINGV forecasts are available in operations only about 8 hours after analysis time) the spin-up effect has only a small impact on operational forecast quality. The use of ECMWF driving model data means SINGV-DS has the advantage of using analyses/LBCs produced by the best global data assimilation system (the downside being that SINGV-DS provides no benefit for very short-range NWP).
SINGV-DA
To reduce the aforementioned spin-up problem and prepare for assimilating locally received high resolution observations (e.g. radar data) a data assimilation capability has been included in SINGV. The data assimilation (DA) option of SINGV (SINGV-DA, Heng et al. 2020 ) uses almost the same configuration as the UKV data assimilation system (Gustafsson et al. 2018) . SINGV-DA can also use either 3-Dimensional Variational data assimilation (3D-Var, Lorenc et al. 2000) or 4-Dimensional Variational data assimilation (4D-Var, Rawlins et al. 2007 ) developed in the UM system. The thoroughly tested and now operationally used option is 3D-Var with FGAT (First Guess at Appropriate Time), running with a 3-hour cycle at 00Z, 03Z, 06Z, 09Z, 12Z, 15Z, 18Z and 21Z.
At each cycle the 3h SINGV model forecast from the previous cycle, which uses ECMWF forecasts as lateral boundaries, is used as the background for 3D-Var. The background error covariances are computed from SINGV forecast differences between forecasts valid at the same time but started from a different time, as done similarly for UKV and described in Ingleby (2001) .
Observations collected around the analysis time, from -1.5 hour to +1.5 hour, are assimilated. Currently SINGV-DA assimilates most of conventional observations and satellite data provided to MSS via the Met Office (including GTS and local feeds to Exeter). Conventional observations include surface observations, radiosondes and aircraft reports. The satellite data include radiances, feature derived upper-air and surface winds, and pseudo-observations of cloud at the cloud top (Renshaw and Francis 2011) . Variational Bias Correction (VarBC, Cameron and Bell 2015) is used to reduce the bias in the radiance observations. The UKV observation error covariances are used in SINGV. SINGV-DA is also able to assimilate radar radial velocities and radar rain-rates. However, the use of the radar data is still at the experimental stage.
SINGV-DA, like UKV, produces zero analysis increments at the lateral boundaries for scalar variables and constrains the wind vector increments normal to the boundaries to be zero. Large-scale driving conditions are therefore imposed at the lateral boundaries and so SINGV-DA does not need an additional adjustment for lateral boundaries.
After each 3D-Var, the Incremental Analysis Update scheme (IAU, Bloom et al. 1996) is applied over a 2-hour window as an initialization step prior to the launch of a 48h forecast. In the operational environment, as SINGV-DA does not need to wait for the latest ECMWF analyses which normally arrive MSS about 7 hours after the analysis time (00Z analyses arrive at 07Z), it starts as soon as observations for that cycle arrive (normally about 3 hours after the analysis time). Compared to SINGV-DS, SINGV-DA provides more frequent forecasts, earlier delivery, and has reduced spin-up effects.
SINGV-EPS
Tropical convection is an inherently chaotic process and a commonly accepted approach is to use probabilistic forecasts to provide estimates of uncertainty. These forecasts can be generated using an ensemble technique which runs the same model multiple times using perturbed initial conditions, and model perturbations (e.g. stochastic physics, different model versions or even different models). With limited area models, different lateral boundaries are often used.
The ensemble prediction system (EPS) of SINGV (SINGV-EPS) is developed from the Met Office Global and Regional Ensemble Prediction System over UK (MOGREPS-UK, Hagelin et al. 2017; Porson et al. 2019) . The system can be considered as an ensemble of SINGV-DS forecasts. SINGV-EPS runs over the same model domain as SINGV-DS and SINGV-DA but using a lower horizontal resolution of 4.5 km with 364×342 model points due to computing power constraints.
SINGV-EPS is driven by the ECMWF ensemble prediction system. All the SINGV-EPS members start from ECMWF ensemble initial conditions and use ECMWF ensemble forecasts as lateral boundaries. Although we could run a 51-member ensemble using all ECMWF ensemble forecasts, only 12 members (the control and the first 11 odd-index members) are selected for the pre-operational system due to computing power constraints. SINGV-EPS has been running twice daily at 00Z and 12Z with the preoperation status after the operational SINGV-DA.
Verification
Verification of SINGV has been performed both subjectively and objectively. A few intensive evaluations of the SINGV performance have been carried out by forecasters at MSS and UKMO. Initial subjective evaluation results were compared with objective verification scores in Sun et al. (2020) .
The objective verification scores include bias and root mean square (RMS) differences between the model output and observations of temperature, wind and humidity. As precipitation is the main concern at MSS, several scores for precipitation are employed using rain-gauge data, radar data and satellite data as references. As a demonstration of the objective verification, we only show examples of Fractions Skill Scores (FSS -Roberts and Lean 2008) in this paper.
FSS is a neighborhood verification method which evaluates precipitation forecasts against observations using nearest neighbors to identify the scale of interest. The forecast and observed precipitation fields are binarised using a threshold. The spatial distribution of events within an area defined by the chosen scale is represented using fractions. FSS is computed as the fraction's Brier score. The scores vary from 0 (no skill) to 1 (perfect skill). Forecasts at different forecast lengths are verified against the Global Precipitation Measurement (GPM) Integrated Multi-Satellite Retrievals for GPM (IMERG) data product (Skofronick-Jackson et al. 2017). As the resolution of GPM data is lower than SINGV forecasts, the SINGV precipitation fields are averaged to the GPM IMERG resolution, 0.1°, before the comparisons.
RESULTS
The development of SINGV has been accompanied by parallel runs, typically over selected months. All the changes to SINGV were systematically tested and compared using the previous version as a benchmark. Before each minor and FIGURE 2. The domains used by SINGV 1.0 and WRF. The outer domain has a 4.5 km resolution and the inner domain has a 1.5 km resolution. major version upgrade, some earlier experiments were repeated. In this section, the most important results obtained during development of SINGV are presented.
Early comparisons with WRF
The WRF (Skamarock et al. 2008 ) model has had significant exposure to tropical convective-scale applications in Southeast Asia. A WRF configuration was used at MSS before the SINGV project started. A comparison between the UM-based SINGV and WRF was therefore of general interest to MSS and the wider NWP community in the area. During the first year of the SINGV project (2013-2014) SINGV 1.0 performance was compared with the WRF system already running at MSS. Both systems were configured using the nesting domains ( Figure 2) . The outer domain has 4.5 km resolution covering the Malay Peninsula, Sumatra and part of Borneo. The inner domain has 1.5 km focusing on Singapore. In this early configuration, SINGV uses UM_G analyses and forecasts as initial condition and lateral boundary conditions while WRF uses the Global Forecast System (GFS, the United States operational NWP system) analyses and forecasts. In order to separate the driving model impact, we also repeated the WRF runs using the UM-G analyses and forecasts. FIGURE 3. FSS with respect to GPM IMERG precipitation analyses for 24hourly accumulated precipitation threshold of 16 mm calculated over the 1.5 km domain (the small domain in Figure 2 ) and averaged over the period 1 to 30 June 2011, for UM-SINGV (red), UM-WRF (orange) and GFS-WRF (purple) with forecast model horizontal resolutions of 4.5 km (large dots) and 1.5 km (small dots). The neighborhood length scales are in multiples of 0.1°, which is the resolution of the GPM IMERG product. FIGURE 4. FSS with respect to GPM IMERG precipitation analyses for 24hourly accumulated precipitation threshold of 64 mm calculated over the full domain and averaged over the period 1 to 30 September 2013, for SINGV-DS with a forecast model horizontal resolution of 4.5 km (red), 2.2 km (blue) and 1.5 km (black). The neighborhood length scales are in multiples of 0.1°, which is the resolution of the GPM IMERG product.
Parallel experiments were carried out over a 1-month period in June 2011. The SINGV 1.0 outperformed WRF in most forecast scores. Example verification is shown in Figure 3 of FSS for the 24h accumulated precipitation above 16 mm are shown as function of the scale. Comparing the WRF runs with UM_G (UM-WRF) and with GFS (GFS-WRF) as initial conditions and lateral boundary conditions, it is evident UM_G provides a better driving model (at least at that time). A second major result is the impact of regional model using the same (UM_G) LBCs: Figure 3 indicates a significant boost in FSS comparing UM-SINGV with UM-WRF for the 16mm rainfall threshold. These encouraging results ensured the further SINGV development and carried the project to the second year. Figure 3 also indicates the impact of model resolution on FSS. Both high-resolution (1.5 km) GFS-WRF and UM-WRF model runs have consistently better scores than the low-resolution (4.5 km) runs. However, for SINGV 1.0 the high-resolution results were worse than the low-resolution results. This was not expected and pushed the SINGV team to further revisions of the SINGV configuration during the second year of the project. It is noteworthy in Figure 3 that the impact of the regional model resolution (for SINGV and FIGURE 5. FSS with respect to GPM IMERG precipitation analyses for threehourly accumulated precipitation thresholds of 2 mm (dashed lines) and 16 mm (solid lines), valid at T+12, calculated over the full domain and averaged over all cycles in the period 2 to 14 May 2018, for SINGV-DA with a forecast model horizontal resolution of 4.5 km (blue) and 1.5 km (red). The neighborhood length scales are in multiples of 0.1°, which is the resolution of the GPM IMERG product. FIGURE 6. FSS with respect to GPM IMERG precipitation analyses for threehourly accumulated precipitation thresholds of 2 mm (dashed lines) and 16 mm (solid lines), valid at T+12, calculated over the full domain and averaged over all data assimilation cycles in the period 2 to 24 November 2016, for experiments using Smith (blue) and PC2 (red). The neighborhood length scales are in multiples of 0.1°, which is the resolution of the GPM IMERG product. FIGURE 7. FSS with respect to GPM IMERG precipitation analyses for threehourly accumulated precipitation thresholds of 2 mm (dashed lines) and 16 mm (solid lines), valid at T+12, calculated over the full domain and averaged over all cycles in the period 3 to 13 October 2018, for SINGV-DA with all available observations assimilated (singv-da_ctrl; blue), with satellite radiances excluded (singv-da_no-satrad; red), and with surface observations excluded (singv-da_no-surface; green). The neighborhood length scales are in multiples of 0.1°, which is the resolution of the GPM IMERG product. WRF) is considerably smaller than that seen by changing the global driving model or between the regional models used.
Impact of resolution
The final domain configuration, which was adopted for SINGV 2.0 and used for all subsequent versions, has only one domain (shown in Figure 1 ) using initial and lateral boundary conditions from a global NWP system (first UM_G, then ECMWF). With this configuration, the SINGV resolution impact indicated that 1.5 km is better than 2.2 km, which is better than 4.5 km, as shown in Figure 4 . The parallel runs were one month long over September 2013. Based on this comparison, we have used the 1.5 km domain configuration for SINGV-DS for the rest of the project and now for the pre-operational runs. The impact of model resolution was reassessed using later versions of the model and, recently, using the operational SINGV-DA system as described below.
The development of SINGV-DA was largely carried out with the forecast model resolution at 4.5 km. A higher resolution of 1.5 km was later tested and chosen for the final operational configuration. The impact of this resolution change is shown in Figure 5 . SINGV-DA's ability to resolve the small-scale convective structures prevalent in the deep tropics depends on the horizontal resolution of the forecast model. Accordingly, increasing the resolution from 4.5 km to 1.5 km resulted in improvements in precipitation forecast skill ( Figure 5 ). The benefit is less apparent for larger rainfall thresholds, possibly because the convective cores of storm cells are, with respect to the evaluation grid, at the sub-grid scale.
Impact of model physics
The impact of model physics has been assessed each time that model changes are introduced to SINGV. As we mentioned in section 2, the blobbiness issue of the rainfall forecasts has been a key issue in SINGV development. The inclusion of a new, local moisture conservation scheme (Zerroukat and Shipway 2017) has led to an overall model improvement, although not much improvement was seen on the rainfall scores over the SINGV domain. Tuning the boundary layer scheme in SINGV has improved timing of rainfall initiation and peak intensity. The primary reason FIGURE 8. FSS with respect to GPM IMERG precipitation analyses for threehourly accumulated precipitation thresholds of 2 mm (dashed lines) and 16 mm (solid lines), valid at T+12, calculated over the full domain and averaged over all cycles in the period 6 to 18 September 2017, for SINGV-DA driven by UM_G (blue) and ECMWF (red) LBCs. The neighborhood length scales are in multiples of 0.1°, which is the resolution of the GPM IMERG product.
for this improvement is attributed to the deactivation of stochastic perturbation scheme as used in UKV. Use of the prognostic PC2 cloud scheme (Wilson et al. 2008 ) instead of the Smith diagnostic scheme (Smith 1990 ) resulted in a significant reduction of blobbiness in the rainfall forecasts, i.e., improved rainfall magnitude, distribution and organization. The relative dearth of squall lines in forecast using early SINGV versions was also alleviated to a certain degree by this change Sun et al. 2020) .
The sensitivity of SINGV forecasts to the cloud scheme formulation is reported in Webster et al. (2020) using SINGV-DS and in Heng et al. (2020) using the operational SINGV-DA. Figure 6 shows the impact of including the PC2 cloud scheme (Smith vs. PC2) on SINGV FSS. The PC2 clearly improved FSS across length scales and for different precipitation thresholds.
Impact of observations
Initial SINGV-DA efforts focused on the assimilation of conventional observations within the SINGV domain. Significant effort was then made on satellite radiances assimilation and variational bias correction of the data.
To evaluate the relative importance of each observation type assimilated into SINGV-DA, systematic observation impact assessments have been conducted. A set of observing system experiments (OSEs) have been performed over a 12-day period in October 2018, using the pre-operational SINGV-DA. The results indicate that satellite radiances and surface observations are more important relative to rawinsonde data, aircraft observations, atmospheric motion vectors and scatterometer surface wind observations. Figure  7 compares the precipitation FSS for the experiments without satellite radiances (no-satrad) and without surface observations (no-surface) with the corresponding numbers for the control run. It is confirmed that the assimilation of both satellite radiance and surface observations in SINGV leads to an improvement in SINGV precipitation forecast skill. The other OSEs are not represented in this plot because the impacts due to the other observations are much smaller than those shown here.
Impact of the lateral boundary conditions
The skill of regional NWP (both SINGV-DS and SINGV-DA) is expected to depend crucially on the accuracy of driving model providing lateral (and initial, in the case of downscaler) boundary conditions. Initial results in SINGV indicated that using ECMWF's HRES forecasts, instead of the Met Office's global UM_G forecasts, resulted in significant improvements in the FSS of both SINGV-DS and SINGV-DA precipitation forecasts. This impact has been reconfirmed with SINGV-DA over a 12-day period, as shown in Figure 8 . The use of ECMWF HRES data as lateral boundary conditions leads to a significant increase in precipitation FSS across all spatial scales and for different precipitation thresholds. One of the plausible reasons for the relatively poor performance of global UM driven SINGV is the low influx of moisture from the lateral boundaries, which leads to less precipitation in the model when compared to GPM (see Webster et al. (2020) for details). 
Ensemble predictions
The current status of SINGV is illustrated by some forecast products issued by MSS on 10 November 2018. A heavy rain event occurred in the afternoon causing flooding in Singapore(Figure9a). Thedeterministicforecastforthiseventwas reasonably good with rainfall intensity and timing (Figure 9b) .
The 12-member SINGV-EPS also indicated elevated probabilities of precipitation over Singapore at that time ( Figure 10) . A meteogram of hourly precipitation over Singapore based on the ensemble shows rainfall intensity peaking at the same time ( Figure 11 ). Thus, taken as a whole, SINGV-EPS captured this event very well.
On the other hand, half of the 12 ensemble membersincluding the control-showed no rain over Singapore at all (Figure 12 ). This implies that the deterministic model could easily have missed this event with just a slightly different set of initial conditions. This underscores the need for a probabilistic approach to capture such events and to quantify the associated uncertainties.
CONCLUSIONS
Challenges in convective-scale NWP, especially over the deep tropics, have been long known to the research community. Efforts have been taken internationally to push forward research in this direction. To join this effort, MSS and UKMO started a collaborative project in 2013 to develop a convective-scale NWP system, SINGV, at MSS with a focus FIGURE 11. Meteogram of the hourly precipitation within a 5×5 box centered on Singapore (103.8°E, 1.4°N) derived from SINGV-EPS. Each box spans the interquartile range (IQR) of the forecast precipitation from the ensemble members. The whisker extends to 1.5 times the IQR, and any forecast beyond that is marked with a cross. The ensemble mean is shown as the red line. on improved forecast quality for localized thunderstorms for Singapore and surrounding region.
Over the past six years, the convective-scale NWP capabilities of MSS have taken a step forward with the implementation of a km-scale UM-based deterministic/ensemble system, assimilating data from a wide range of surface-and space-based platforms. Initial limitations of the system e.g. rainfall biases and 'blobby' convective systems have been resolved through improved physics and modelling techniques. Some of these (e.g. moisture conservation) have led to improvements in other implementation of the regional UM (e.g. UKV). Furthermore, our results have shown ECMWF driven SINGV to provide improved forecast skill over UM global driven SINGV, which highlights the importance of driving model on regional NWP. Impact of the regional model on forecast skill has also been demonstrated by comparing UM global driven SINGV and WRF. Although WRF has more exposure to tropical convective-scale applications, for the trials conducted during the project, SINGV was found to be superior than WRF in most forecast scores.
In addition to the development of capabilities at MSS, this project has also highlighted the value of collaborative research which led to bug fixes, science improvements, and varied evaluation of a system that is used worldwide among various UM science partners. It is to be noted that SINGV forms the starting point of the tropical science configura-tion (Bush et al. 2019) , which is now accessible to all the UM science partners for testing and evaluation.
Although SINGV has been in operation since July 2019, further research and development have been ongoing and planned. For data assimilation, we aim to implement a hybrid ensemble-variational data assimilation system following Clayton et al. (2013) and hourly 4D-Var following Ballard et al. (2016) . For ensemble prediction, SINGV-EPS will be further developed to have ensemble perturbations centered around the analyses produced by SINGV-DA, following the current MOGREPS-UK (Hagelin et al. 2017 ). Configurations with higher model resolutions and more ensemble members will also be assessed.
While SINGV has been the key modelling system for convective-scale NWP activities at MSS we have also worked on using SINGV as an urban model to study the urban impact on weather and climate (Simón-Moral et al. 2019 ) and on coupling SINGV with an ocean model to study the air-sea interaction and its impact on forecasts (Thompson et al. 2019) . Work also started to develop SINGV as a regional climate model to be used in the next Singapore national climate change projection in 2022 (Timbal et al. 2019 
